In addition to carbon capture and storage, efforts are also being focussed on using captured CO 2 , both directly as a working fluid and in chemical conversion processes, as a key strategy for mitigating climate change and achieving resource efficiency. These processes require large amounts of energy, which should come from sustainable and, ideally, renewable sources. A strong value chain is required to support the production of valuable products from CO 2 . A value chain is a network of technologies and infrastructures (such as conversion, transportation, storage) along with its associated activities (such as sourcing raw materials, processing, logistics, inventory management, waste management) required to convert low-value resources to high-value products and energy services, and deliver them to customers. A CO 2 value chain involves production of CO 2 (involving capture and purification), technologies that convert CO 2 and other materials into valuable products, sourcing of lowcarbon energy to drive all of the transformation processes required to convert CO 2 to products (including production of hydrogen, syngas, methane etc.), transport of energy and materials to where they are needed, managing inventory levels of resources, and delivering the products to customers, all in order to create value (economic, environmental, social etc.).
Introduction
Carbon dioxide is widely accepted as a major cause of climate change: its accumulation in the atmosphere is a major contributor to the enhanced greenhouse effect [1] . Vast population growth and technological advancement, powered by fossil fuel exploitation, have resulted in a 68% increase in atmospheric carbon dioxide concentrations, compared to pre-industrial levels [2, 3] . As a result of these increases in greenhouse gasses such as CO 2 , a recent study by Gaffney et al. [4] estimates that anthropogenic emissions are causing climate change at a rate 170 times that of natural forces. Given the extensively detrimental environmental and socio-economic impacts this has been shown and predicted to cause, there has been a great amount of global interest in how best to reduce or reverse increasing atmospheric CO 2 levels. Recent initiative developments such as the EU Emissions Trading Scheme (EU ETS) increase the economic appeal of reducing carbon emissions. In the UK, the Climate Change Act 2008 sets out to achieve an 80% reduction in greenhouse gas (GHG) emissions by 2050 [5] , while globally, treaties such as the Kyoto Protocol and the Paris Agreement identify reduction in carbon emissions as vital in preventing the potentially disastrous effects of further global warming [6] .
In the UK, renewable energy and carbon capture and storage (CCS) have been identified as key technologies that can help achieve energy and emissions targets, alongside gas, low-carbon transport fuels, nuclear power and energy efficiency [7] . With CCS, CO 2 emissions are prevented from reaching the atmosphere by a dedicated capture technology, after which they may be separated from any associate emissions, transported and then stored, most commonly in deep underground formations. Despite its attractive potential as a climate change mitigation option, the high costs of CCS, combined with its technological immaturity and concerns of leakage, have somewhat hindered its large-scale global implementation so far, with the UK government recently axing a planned £1 billion prize for research into the technology [8] . An option that is potentially more attractive in some respects, but may also be complimentary to CCS, is Carbon Capture and Utilisation (CCU). In CCU, the captured CO 2 is used or converted into valuable products, as shown in Fig. 1 . However, like CCS it includes some immature technologies and other concerns, such as high energy requirements for conversion, which must be overcome before it can be offered as an instrument in the battle against global warming. Despite the challenges they face, CCU and CCS are still seen to be vital for the future of our planet. According to the Intergovernmental Panel on Climate Change (IPCC) [9] , the costs of climate change mitigation could increase by 138% without these technologies, and achieving the internationally agreed goal of limiting global temperature increases to 2°C may be impossible without them.
In parallel with targets to reduce CO 2 emissions, many global and local policy makers are recognising the huge potential of renewable energy as a power source of the future. Inherent sustainability, increasingly attractive costs and significantly reduced environmental impacts compared to conventional fuels are some of the advantages of renewables. However, renewable electricity production also faces several challenges: as well as their low supply capacities at present, many of the technologies, such as solar and wind power, may be dependent on unpredictable and inconsistent weather conditions. This results in intermittency and variation in electricity outputs, which may obstruct the matching of supply with demand. Producing value-added products from CO 2 in processes powered by excess renewable energy offers benefits, both in reducing carbon emissions and increasing the penetration of renewables into countries' energy and chemical industries. Fig. 2 shows the magnitude and location of potential sources of CO 2 , from various industries and power generation, that can be captured in the UK, indicating supply opportunities for CCU installations.
For CO 2 utilisation, it is crucial to examine the wider system of how to convert low-value resources into high-value products at a sufficiently large scale that makes the venture worthwhile. This will involve looking at network of technologies and infrastructures (such as conversion, transportation and storage) along with its associated activities (such as sourcing raw materials, processing, logistics, inventory management, waste management) required to convert low-value resources to high-value products and energy services and deliver them to customers. A CO 2 value chain involves production of CO 2 (involving capture and purification), technologies that convert CO 2 and other materials into valuable products, sourcing of low-carbon energy to drive all of the transformation processes required to convert CO 2 to products (including production of hydrogen, syngas, methane etc.), transport of energy and materials to where they are needed, managing inventory levels of resources, and delivering the products to customers, all in order to create value (economic, environmental, social etc.).
This study identifies and maps out the possible conversion pathways and technologies for CO 2 utilisation. The working principle of each technology is explained. The technologies are compared based on their technical, socio-economic and environmental advantages and limitations, with the aim of identifying which technologies can offer the most promising investment opportunities for meeting energy demands and emissions targets. Each technology is classified according to its Technology Readiness Level (TRL), which is a measure of its maturityfrom basic observable principles through to fully operational chemical processes. In this work, the European Commission classification for TRLs [12] has been adopted, which is based on a scale from 1 to 9, as defined in Table 1 . Along with TRLs, the technologies are also compared based on their gate-to-gate 1 key performance indicators (KPIs), such as capital expenditure (CAPEX), operating expenditure (OPEX), product price, net utilisation of carbon dioxide and energy requirements. Where available, other metrics, such as water consumption and plant operational lifetime, are also provided. For a meaningful comparison, cost data reported earlier than 2017 are adjusted to present values using the Chemical Engineering Plant Cost Index (CEPCI) Fig. 1 . Some of the possible pathways for CCU & CCS, adapted from Ref. [10] . 1 Meaning the properties of materials leaving the facility relative to those entering it. [13, 14] and all KPIs are normalised based on 1 tonne of the main product. The technologies are also compared to conventional processes that do not utilise CO 2 as a feedstock. For a full value chain analysis, technologies for transport and storage are also discussed. This paper addresses a gap in the literature: to the authors' knowledge, to date, there is no publication that compiles the important key performance metrics for CO 2 conversion technologies and one has to consult a large number of different references in order to compare the techno-economic and environmental performance of these technologies. In addition, discussions on CO 2 utilisation are currently limited to conversion technologies. However, the successful deployment of these technologies relies on the supply chains that support them, where technologies for transport and storage of materials and energy are crucial elements -this paper examines them alongside conversion technologies. This work lays a foundation for the development of a comprehensive whole-system mathematical model and optimisation toolkit for the strategic design and tactical operation of future CO 2 value chains, similar to the ones that were developed for biomass value chains [15] , renewable hydrogen value chains [16] and integrated value chains for natural gas, biomass, electricity, hydrogen, syngas and heat [17] .
The remainder of this paper is organised as follows: Section 2 investigates the different technologies for CO 2 conversion. Sections 3 and 4 examine the technologies for transport and storage of key resources. In-depth comparative analysis and discussion are presented in Section 5. Finally, the conclusions are discussed in Section 6. [11] . Table 1 European Commission TRL definitions [12] .
TRL Definition 1 Basic principles observed 2
Technology concept formulated 3 Experimental proof of concept 4 Technology validated in lab 5 Technology validated in relevant environment (industrially relevant environment in the case of key enabling technologies) 6 Technology demonstrated in relevant environment (industrially relevant environment in the case of key enabling technologies) 7
System prototype demonstration in operational environment 8
System complete and qualified 9
Actual system proven in operational environment (competitive manufacturing in the case of key enabling technologies; or in space)
CO 2 conversion technologies
This section examines the various CO 2 conversion technologies over a range of TRLs. The technologies are discussed in order of descending TRL and include urea production, Sabatier synthesis, Fischer-Tropsch synthesis, hydrogenation to methanol, dry reforming, hydrogenation to formic acid, electrochemical reduction and other notable CO 2 utilisation technologies. Their working principle, advantages and limitations are explained. The key technical, economic and environmental KPIs of each technology are presented.
Urea production
Urea (CO(NH 2 ) 2 ), also known as carbamide, is a colourless crystalline compound and is the main nitrogenous breakdown product of protein metabolism in mammals. The global industrial production of urea is in excess of 190 Mt/yr [18] , utilising around 112-120 Mt of CO 2 as raw material annually [19] . Its main application is as a fertiliser and it strongly influences global food supply, as the most important of all nitrogenous fertilisers [20] . Urea is commercially produced by reacting carbon dioxide with ammonia at elevated temperature and pressure, through the Basaroff reactions:
(1)
Common operating conditions for the reactions are approximately 185°C and 150 bar, with typical overall conversions of CO 2 in the region of 85-90% [21, 22] . In the urea process put forward by Edrisi et al. [23] , which includes chemical looping for maximisation of resource efficiency, an operational plant lifetime of 25 years is assumed, while a feasibility study by Toyo Engineering Corporation and Sumitomo Corporation used a 20 year lifetime [24] . Urea production and yield boosting with CO 2 is currently a mature and widely implemented technology. Accordingly, this technology has an advanced technology readiness level, and is broadly accepted as achieving the highest possible TRL of 9 [25, 26] .
Economic considerations
The current market price (February 2017) for urea is approximately 247 $/t [27] , with global urea production exceeding 190 million tonnes annually and with this demand increasing at over 3% annually -even faster than global population growth [18] . Economic data for urea production were derived from the work by Edrisi et al. [23] . Total project costs for such a plant producing 0.5 Mt/yr of urea were shown to be 138.6 $M/yr, compared to 180.46 $M/yr for an equivalent conventional plant. For a 1.5 Mt/yr plant, total capital and operating costs were reported at 348 $M and 265 $M/yr, respectively. These operational expenditures are dominated by raw material and utility costs, as is shown in Fig. 3 , which gives the breakdown of total operating costs for the considered urea process.
Environmental and other factors
The urea process is environmentally advantageous in that it uses CO 2 directly as a chemical feedstock, with a relatively high conversion into a stable end product. An estimated 0.735-0.75 tonnes of CO 2 are utilised per tonne of produced urea [28] . However, a review of life cycle analyses by Skowroñska et al. [29] , showed that for conventional production at plant gate (European average), each kilogram of nitrogen supplied by urea fertiliser has an associated primary energy consumption of 51.6 MJ and a net global warming potential (GWP) of 1.59 kg CO 2 equivalent. Furthermore, conventional urea synthesis consumes somewhere in the region of 0.58 tonnes of ammonia per tonne of urea product, which may detract from the technology's CO 2 abatement potential if this ammonia is produced in carbon intensive variations of the Haber-Bosch process [30] . For one of the most common conventional urea synthesis routes, the Snamprogetti process, electricity requirements range from 23 kWh/t to 160 kWh/t, depending on the configuration of the compressors (steam or electricity driven) and the product-shaping technology used (prilling or granulation) [20, 21] . Table 2 summarises urea production's technical, economic and environmental KPIs.
Sabatier synthesis
Sabatier synthesis, also known as CO 2 methanation, is essentially a form of hydrogenation technology, in which methane and water are produced by the exothermic reaction of carbon dioxide with hydrogen [31] :
This is carried out at elevated temperatures of around 250-400°C [32] , over a Ni, Rh or Ru based catalyst [33] [34] [35] . Atmospheric operating pressures in laboratory scale reactors are cited in several publications [33, 36] , but recent technologies for CO 2 conversion to methane via the Sabatier reaction apply higher pressures up to around 100 bar [37] [38] [39] . According to Götz et al. [40] , commercial methanation of CO 2 tends to be carried out in adiabatic fixed-bed reactors, separated into 2-6 stages, which are operated between 300 and 550°C and at pressures greater than 5 bar. The high exothermicity of the Sabatier reaction has also led to the development of micro-channel reactors and inter-cooled designs for greater control and removal of the heat generated [34, 40] .
Energy company Phillips 66 holds a patent for the use of mixedmetal catalysts for methanation of CO 2 , with conversions of up to 100% at relatively low temperatures [38] . With such high conversions possible, and given that the reactants of CO 2 and H 2 are common constituents of commercial natural gas anyway, the need for complex Fig. 3 . Breakdown of operating costs for a CCU urea synthesis plant [23] . [28] separation systems downstream of the methanation reactor is alleviated [41] . In terms of commercial installations, Audi have an operational Power-to-Gas (PtG) facility in Werlte (northern Germany) capable of producing 325 Nm 3 /h of synthetic natural gas (SNG) from CO 2 methanation with renewable hydrogen from electrolysis [42] . This plant's successful construction and its operation since 2013 contribute to CO 2 methanation's advanced TRL of 8-9 [43] .
Economic considerations
According to a study by Götz et al. [40] , the capital investment for a CO 2 methanation plant producing its hydrogen from renewable electrolysis of water would be in the range 35.8-38.8 €M, at an SNG production rate of roughly 311 m 3 /h. The operational lifetime of 20 years is mainly determined by the lifetime of commercial methanation reactors [39] . However, plant lifetimes may well be extended beyond this limit with equipment maintenance, replacement or upgrading. Fig. 4 shows that hydrogen production from electrolysis dominates the capital expenditure for CO 2 methanation. Hydrogen production is also a dominant operating cost, with the overall cost of SNG production being − 0.6 0.9 €/kWh [40] . Therefore, given the far lower prices of natural gas and even biomethane (∼ 0.07 €/kWh) [40] , the financial viability of such a PtG process still is still lacking under current conditions. Based on SNG's approximate lower heating value (LHV) of 31.66 MJ/Nm 3 [44] , Götz's results translate to an approximate operating expenditure of 6.9-10.3 £k/t SNG at NTP [40] . Further normalised economic indicators for this technology are summarised in Table 3 . The product price for SNG is assumed to be equal to that of the current European Union natural gas price [45] .
Environmental and other factors
The opportunity to generate methane from carbon dioxide is advantageous in its emission mitigation capacity, providing an option for carbon recycle in power plants and similar installations. The Power-toGas (CO 2 methanation) process has an estimated overall utilisation of 1 tonne of CO 2 per tonne of SNG product [39] . However, this can only be a viable greenhouse gas mitigation option if the required H 2 is produced from a carbon neutral or negative source [32] . The electricity requirements, which are the highest of the utilisation technologies considered in this paper (15.2 MWh/t SNG) [40] , must also be met by a renewable and carbon-neutral source if the environmental impacts of the process are to be minimised. Another important consideration for this technology is the end use of the final product: if the SNG is combusted and the resultant CO 2 is not re-captured, the positive mitigation capacity of Sabatier synthesis may be reduced or reversed.
Fischer-Tropsch synthesis
The Fischer-Tropsch (FT) process converts syngas (a mixture of hydrogen and carbon monoxide) in the presence of a catalyst into a mixture predominantly composed of hydrocarbons of various chain lengths [46] . These are most commonly sulphur-free diesel and gasoline products but it is also common to synthesise alcohols and other useful commodities [47] . Active catalyst materials tend to be either Fe or Co [48] . Some of the common reactions in Fischer-Tropsch synthesis are summarised in Eqs. (4)- (7) below [47] :
Eq. (4) describes the synthesis of alkanes of chain length n, which are the main products of Fischer-Tropsch processes [46] . Other products include alkenes, oxygenates and aromatics, but these are produced in much smaller quantities [49] . The production of alkenes and alcohols is shown in Eqs. (5) and (7), respectively. The water-gas-shift (WGS) reaction, shown in Eq. (6), also occurs in parallel to the hydrocarbon synthesis reactions, but can be minimised through the use of a cobalt catalyst [46] . On the other hand, iron catalysts, which tend to be cheaper [48] , exhibit an increased activity for the WGS reaction and reduced liquid selectivity [50] . FT processes can generally be divided into two categories: low-temperature Fischer-Tropsch (LTFT) and hightemperature Fischer-Tropsch (HTFT), which are operated at temperatures of 200-250°C and 300-350°C, respectively [46] . LTFT exhibits greater synthesis of liquid fuels up to chain lengths of the middle distillates (kerosene, jet fuel, diesel) and reduced gas yields, resulting in increased diesel productivity [46, 50] . Operating pressures for most FT synthesis processes tend to be in the range of 20-40 bar, with maximal liquid product generation being achieved with high operating pressures, low operating temperatures and a syngas feed with a H 2 :CO molar ratio of around 2 [46, 51] .
As a general process technology, FT synthesis is fully commercialised and implemented on a global scale to produce a variety of hydrocarbon products. FT processes have been in development and operation from as early as 1936, with a variety of common reactor configurations including fixed bed, fluidised bed and slurry bubble column [51] . Energy company Sasol exploits South Africa's abundance of coal reserves through gasification and FT processes, covering 28% of the country's diesel demand in 2005 [52, 53] . Furthermore, Shell's Pearl GtL (Gas-to-Liquid) facility at Ras Laffan in Qatar is just one of multiple operational plants utilising FT worldwide, producing up to 140,000 barrels of GtL products per day [54] . The maturity of these technologies would earn them a TRL of 9, but the majority of these operational facilities use non-renewable feedstocks, such as natural gas and coal, with CO 2 emitting processes, such as coal gasification and steam methane reforming. Conversely, FT technologies integrating renewable CO 2 routes for syngas production, such as dry reforming (see Section 2.5) and the reverse water-gas shift (RWGS) reaction (see Section 2.8.1), Fig. 4 . Breakdown capital investment costs for a Sabatier synthesis plant [40] . Net CO 2 utilisation (t/t SNG) 1.0 [39] have a lower technological maturity. Therefore, FT synthesis for utilisation of carbon dioxide is assigned a broad-ranged TRL of 5-9 [55] .
Economic considerations
Much of the economic data described in this section are sourced from a study by the German Environment Agency, which was focussed on the production of aviation fuels [55] . Their suggested process used hydrolysis and reverse water-gas shift (see Section 2.8.1) reactions for the production of syngas from renewable electricity and CO 2 , which would then be converted to carbonaceous liquid fuels through FT synthesis. Capital investments for such a process were 308 €M for a plant using low-temperature hydrolysis and producing 97 kt/yr of fuel, compared to 322 €M for a plant using high-temperature hydrolysis and producing 123 kt/yr. Specific costs for the fuels produced were 1352 €/t for the plant using low-temperature hydrolysis and 1144 €/t for the high-temperature hydrolysis option. Data for plants using direct air capture of CO 2 were excluded and only plants with a concentrated carbon source were counted, for consistency with other technologies considered in this report. The approach of Fasihi et al. [56] was used to calculate the annual production cost for FT processes, based on 3% of the overall CAPEX for the plant. Normalised economic data for FT synthesis along with the other KPIs are given in Table 4 .
Dimitriou et al. [46] considered four potential processes for the utilisation CO 2 to produce transport fuels, all of which implemented FT synthesis. The process routes were composed of the following main sections: anaerobic digestion of sewage sludge, CO 2 capture, combined heat and power (CHP) generation, syngas production, conversion of CO 2 to CO (through RWGS) and Fischer-Tropsch fuel synthesis. The study found that steam reforming, RWGS and FT synthesis sections account for 13-19% of the overall plant costs. Operating costs were dominated by hydrogen production, labour & maintenance and miscellaneous expenditures. For a base-case plant, producing 1 t/d liquid fuel, production costs were 15.8 £/L liquid fuel, with a capital investment of 30 £M. Given the current UK gasoline price of approximately 1.2 £/L [57] , the economic viability for a plant of this capacity is clearly limited. However, the calculated production costs for a plant scaled up to a production rate of 1670 t/d were 1.2 £/L and corresponded to a total capital investment of £1.34 billion (Table 5 ).
Environmental and other factors
Er-rbib et al. [47] estimate that overall approximately 2.6 tonnes of CO 2 are consumed per tonne of final product in a FT synthesis process (also using dry reforming -see Section 2.5) to produce gasoline and diesel. Compared to an overall production of 6-7 and 3-4 tonnes of CO 2 per tonne of hydrocarbon product for conventional Coal-to-Liquid (CtL) and Gas-to-Liquid (GtL) processes, respectively [58] , this represents a substantial GHG mitigation opportunity. Energy balances on the FT process yielded an overall energy consumption of 1.9 MJ per kg of liquid fuel produced [47] . Developments of CO 2 -utilising FT technologies which exploit excess renewable electricity, for example in hydrolysis for production of their syngas, also offer significant environmental benefits. Depending on process choices such as the type of electrolysis employed, overall process efficiencies for the production of liquid fuels are cited as being in the approximate range of 42-64% [55] . Some of the key technologies for enabling the widespread implementation of FT synthesis as an instrument for CO 2 utilisation are dry reforming and RWGS. These are discussed in more detail in Sections 2.5 and 2.8.1, respectively.
Hydrogenation to methanol
Methanol (CH 3 OH), also denoted as MeOH, is one of the most crucial industrial materials in the global energy and chemicals markets [60] , with a continuously increasing demand [61] . This demand increase and critical importance also have the potential to expand even further in the future, with methanol's promising characteristics as an energy vector resulting in increasing interest in the concept of a future methanol economy [62] . In most commercial methanol synthesis processes, synthesis gas (syngas), a mixture of CO, CO 2 and H 2 , is produced from steam methane reforming, then reacted over a CuO/ZnO/Al 2 O 3 catalyst at −°250 300 C and − 5 10 MPa to produce water and methanol [61, 63] :
In recent years, a handful of studies have considered methanol synthesis for CO 2 utilisation. There are now a variety of methanol synthesis technologies at various levels of maturity and commercial viability that are focused on hydrogenating captured anthropogenic carbon dioxide. Under optimal conditions, methanol synthesis by hydrogenation of atmospheric CO 2 is considered to be the most economic option, after fossil fuels [62] . On the other hand, there are still challenges with producing and utilising the required hydrogen in a costeffective and sustainable manner [64] . Furthermore, as can be seen from Eq. (9), production of methanol directly from CO 2 hydrogenation produces more water by-product [65] and is less thermodynamically favourable than the existing syngas route [61] .
In terms of the maturity of the CO 2 hydrogenation to methanol technology, a handful of commercial scale CO 2 hydrogenation to methanol plants are currently operational. The George Olah CO 2 to Renewable Methanol Plant in Iceland, which utilises captured carbon dioxide from a neighbouring power plant, has a production capacity of around 5 million litres of methanol per annum [66] . The Japanese company Mitsui Chemicals Inc. also holds a patent for the production of [74] methanol from carbon dioxide [67] , with a pilot plant built in 2008, producing 100 tonnes of methanol per year [68] . In 2016, Pérez-Fortes et al. [69] cited a TRL of 6-7 for methanol synthesis from CO 2 , compared to a range of 3-8 reported by the Smart CO 2 Transformation (SCOT) Project in 2015 [70] . Modelling of CO 2 hydrogenation to methanol has shown potential for overall yields of over 99% [71] , with plant lifetimes of around 20-30 years [71, 72] .
Economic considerations
According to Methanex Corporation, the market price for methanol is currently 370 €/Mt [73] , while techno-economic analysis on a conceptual CO 2 hydrogenation to methanol plant by Pérez-Fortes et al. [68] assumes a basis price of 400 €/Mt. The total fixed capital expenditure for a plant with an annual production capacity of 440 kt of methanol is estimated to be 200 €M, with a total annual cost of production of 293 €M [68] . The breakdown of capital and operating costs for CO 2 hydrogenation to methanol is summarised in Fig. 5 .
In comparison to conventional methanol production processes, direct CO 2 hydrogenation to methanol still lacks the economic viability to compete. Despite lower capital costs, the higher operating and maintenance costs (∼ 666 €/t compared to ∼ 401 €/t for a conventional process) mean that for the conceptual process of Pérez-Fortes et al. to be financially competitive, methanol prices would have to roughly double, or H 2 prices would need to decrease almost 2.5 times, or CO 2 would have to be priced at approximately 222 €/t [74] .
Environmental and other factors
The net CO 2 emissions for a plant producing methanol from the hydrogenation of captured CO 2 are 0.226 t CO 2 /t methanol, compared to 0.768 t CO 2 /t methanol for a plant using the conventional syngas route. Moreover, since the discussed hydrogenation process utilises up to 1.4 t CO 2 /t methanol [71] , the net amount of CO 2 avoided is in the region of 2 t CO 2 /t methanol [74] . The electricity requirements for methanol hydrogenation (not including hydrogen production) are 0.169 MWh/t methanol [74] , but may be as high as 0.55 MWh/t methanol if electrolysis for hydrogen production is included [71] . Therefore, in order to maintain a negative CO 2 balance for the process, it is imperative that a renewable source is used to supply electricity for the process. Methanol from CO 2 hydrogenation also has an advantageous water footprint compared to conventional synthesis, each with water consumption of 26.39 t/t methanol and 90 t/t methanol, respectively [74] .
Dry reforming
Dry reforming, or CO 2 reforming of methane, refers to the production of syngas (a mixture of hydrogen and carbon monoxide) from the reaction of carbon dioxide in methane. The reaction scheme is shown below:
Syngas is one of the key building blocks of the chemical industry and is conventionally produced through steam reforming of natural gas, or steam methane reforming (SMR), an extremely energy intensive process, with operating conditions in the region of 1000°C and 15-30 atm [75] . Another common syngas production method, autothermal reforming (ATR), uses even harsher conditions of up to 2000°C to partially oxidise methane with oxygen [75] . Dry reforming is seen as a potentially more environmentally friendly syngas production route, not only because of its CO 2 -utilisation capacity, but also because it can be operated at lower temperatures and pressures: a conceptual process by Mondal et al. [76] used operating conditions for dry reforming of 850°C and 1 bar, with an overall CO 2 conversion of 100%. Another key difference between ATR, SMR and dry reforming is the H 2 :CO ratio of the produced syngas. For SMR and ATR these ratios are approximately 3 and 2.5, respectively [75] , while for dry reforming this ratio is limited to a maximum value of 1 [77] .
The most commonly reported technology for dry reforming is heterogeneous catalysis in fixed/packed bed reactors, with membrane reactors also gaining increasing interest in recent years [75, 78] . Catalysis for dry reforming has been extensively reviewed in the literature [75, 79, 80] . Some of the more common catalyst materials include Ni, Co, noble metals and metal carbides [80] . Najera et al. [77] cite the main technological challenges for CO 2 reforming of methane as being catalyst deactivation due to coking and product selectivity for syngas. Although it is a technology currently developed on a commercial scale for the steel industry [81] , dry reforming's industrial application for CCU is still limited [82] . However, in 2015 the Linde Group officially opened a dry-reforming based pilot facility at Pullach near Munich, with plans to commercialise the technology in 2017 [83] . Based on developments such as this and ENEA Consulting's comparison with the hydrogenation of CO 2 to methanol [84] , a TRL of 4-6 is assigned to dry reforming.
Economic considerations
Methane and carbon dioxide are fairly inexpensive, with the latter potentially even negatively priced; hence, converting these two compounds into higher-value chemical products has the potential for substantial economic benefits [85] . Mondal et al. [76] considered a conceptual process utilising dry reforming to produce syngas, then converting this syngas to a methanol product. This work indicated a capital expenditure (in 2015) of 1066 $M for the 208.4 t/h dry-reforming-to-methanol plant, compared to 1087 $M for an equivalent steam reforming plant. The normalised value for this CAPEX, along with other KPIs, is shown in Table 6 as being approximately 23.9 £/t methanol. Estimated production cost values from this study are 123 $/t methanol for dry reforming and 140 $/t methanol for steam reforming. These production costs are broken down and compared for the two routes below in Figs. 6 and 7, which show that the dry reforming of methane has an operational expenditure dominated by fixed costs of production (such as plant workforce and depreciation) and is economically preferable to SMR. Mondal's economic analysis used an average product price of 330 $/t methanol, yielding a return on investment for a dry-reforming-to-methanol plant of 33.33%.
Environmental and other factors
Combining or substituting dry reforming for steam methane reforming decreases the amount of steam consumed per tonne of syngas produced and has the potential to decrease the syngas production's carbon footprint [86] . Dry reforming's operating conditions, combined with its increased incorporation of CO 2 into the final product compared to SMR, are some of the key reasons for its improved environmental performance.
Although for the production of syngas and hydrogen dry reforming requires around 1.6 times more heat than conventional steam methane reforming, it is environmentally advantageous in that it results in significantly reduced CO 2 emissions. Er-rbib et al. [47] estimate that dry reforming as an isolated process utilises 0.44 tonnes of CO 2 per tonne of syngas produced (at a H 2 :CO molar ratio of 1:1). Table 7 shows that for each tonne of methanol produced, dry reforming consumes 1.862 tonnes of CO 2 and emits 1.840 tonnes of CO 2 , resulting in a net CO 2 utilisation of 0.022 tonne per tonne methanol. While this is a fairly small overall utilisation, when considering the avoidance of the 0.29 tonnes of CO 2 that are emitted per tonne of methanol in the SMR process, the environmental advantages of dry reforming are clear. Table 7 also shows that dry reforming also has a reduced methane demand compared to the SMR process, with an overall saving of 0.047 tonnes of methane per tonne of methanol.
Hydrogenation to formic acid
Formic acid (HCOOH), which may be derived from CO 2 hydrogenation, offers a potentially advantageous CCU opportunity, due to its versatility as both a chemical feedstock and a fuel [87] . In 2012, its global production was 620 kt and this is predicted to surpass 760 kt in 2019 [88] . Demand for formic acid is currently dominated by its chemical feedstock applications but, similar to methanol, its potential as a storage medium for hydrogen means this application as an energy vector should contribute to significant growth in its demand [87] . In a hydrogen economy, formic acid production through a hydrogenation process may offer an advantageous alternative storage solution for renewable H 2 , with subsequent catalytic dehydrogenation for its utilisation [89] . Existing formic acid production is dominated by conversion of formates, such as BASF's process, which synthesises formic acid from methyl formate hydrolysis, in which methyl formate is produced from carbon monoxide and water [90] .
Numerous processes for producing formic acid from carbon dioxide, as well as biomass and other sources, have been developed and are the subject of several works. In 1993, Gassner et al. [91] discussed the hydrogenation of carbon dioxide to formic acid using water-soluble rhodium catalysts, which were shown to operate efficiently in aqueous amines similar to those used in the recovery of CO 2 from exhausted flue gases. Subsequently, homogeneous hydrogenation of supercritical carbon dioxide using a catalytic ruthenium phosphine complex has been shown to produce formic acid at a faster rate than in liquid organic solvents [91] . More recently, hydrogenation of CO 2 in acidic media has exhibited potential as a formic acid production method: when taking place in dimethyl sulphoxide (DMSO) with a homogeneous ruthenium catalyst, the reaction produced formic acid at concentrations as high as 1.9 mol/L, without the potentially sustainability-limiting inclusion of additives [87, 92] . Furthermore, this concentration was obtained at relatively mild conditions of°60 C and 100 bar [87] .
The stoichiometric scheme for CO 2 hydrogenation, given by Eq. (11), shows that the reaction is mildly exothermic [92] . Different patents on the synthesis of formic acid from CO 2 and H 2 using homogeneous catalysts have been granted to companies such as BP [93] and more recently to BASF [94] . Techno-economic and environmental viabilities of the processes are limited by its energy consumption, and efforts are focused on reducing this [95] . In 2015, Mechleri et al. [96] identified formic acid production via CO 2 hydrogenation with renewable H 2 as one of the most likely technologies to be commercialised of the current best-practice technologies. According to Pérez-Fortes et al. [95] , formic acid synthesis from CO 2 and H 2 has expected plant lifetimes in the region of 20 years and a technology readiness level (TRL) of *Assigned by authors. The justification is discussed in the text. Fig. 6 . Breakdown of the production costs for Mondal's process for synthesising methanol using dry reforming [76] . 3-5. However, as well as direct hydrogenation discussed in this section, this TRL includes the electrochemical route for formic acid synthesis, which is discussed in Section 2.7.
Economic considerations
The techno-economic analysis by Pérez-Fortes et al. uses a formic acid market price of 650 €/t [95] , while an economic feasibility study by Agarwal et al. assumes a market price in the range 800-1300 $/t [97] . The former study suggests that the price of formic acid would have to increase by a factor of around 2.5 for the considered hydrogenation process to become economically viable. The total fixed capital expenditure for a plant with an annual production capacity of 12 kt of formic acid is estimated to be 16.2 €M, with a total annual cost of production of 18.3 €M [95] . A summary of the main constituents of the capital and operating costs for CO 2 hydrogenation to formic acid is given in Fig. 8 .
Overall, the economic feasibility of CO 2 hydrogenation to formic acid is uncertain and limited by the price of not only formic acid, but also feedstocks and by-products of the process, such as CO 2 and O 2 . The significantly higher operating and maintenance costs for the conceptual process of Pérez-Fortes et al. (∼ 1524 €/t, compared to ∼ 475 €/t for a conventional process) mean that in scenarios with all other variables fixed, prices of CO 2 and O 2 would have to be − 1100 €/t and 3322 €/t, respectively, just for the plant to break even. The significant requirement of a negative CO 2 price further implies the need for governments and policy makers to address the economic value assigned to this crucial chemical. Table 8 summarises the advantages, in terms of environmental impacts, of the conceptual CO 2 hydrogenation process over its conventional counterpart: reductions are achieved in water footprint, steam requirements and heavy fuel oil demand [95] . The increased electricity needs for the conceptual process will also have a negligible environmental impact, provided a renewable source is used for this.
Environmental and other factors
On top of the savings in fuel oil, steam and water, analysis of penetration pathways by Pérez-Fortes et al. suggests that the process would have the potential to utilise 4-21 Mt of CO 2 annually in Europe.
Furthermore, the conceptual process has a net CO 2 usage of 0.7 t CO 2 /t formic acid, which when combined with reduced process emissions compared to the conventional process results in a value for the avoided CO 2 emissions of 2 t CO 2 /t formic acid [95] (Table 9 ).
Electrochemical reduction
Electrochemical reduction of CO 2 involves electricity input to an electrolytic cell. This is a device that facilitates a chemical reaction by using an electrical power input as its driving force, where the external potential applied by electricity is greater than the thermodynamic or reversible potential of the cell [99] . Fig. 9 shows the basic arrangement of a typical electrolytic cell for electro-reduction of CO 2 . Most commonly, their basic structure consists of an electrode couple (anode and cathode) with catalyst coated surfaces and electrolyte(s) that enable the transfer of ions between the electrodes [98] . Half reactions occur at the positively charged electrode (the anode) and the negatively charged electrode (cathode). Examples of such reactions, for an electrolytic cell configured to produce formic acid from CO 2 , are given below [98] Fig. 8 . Breakdown of (a) main fixed plant capital costs and (b) main operating costs for a plant synthesising formic acid from CO 2 hydrogenation [95] . Fig. 9 . Basic arrangement of an electrolytic cell for general CO 2 electro-reduction, adapted from Lu et al. [98] .
Formic acid is not the only available product from electrochemical reduction of CO 2 . The technology is also capable of synthesising methanol, carbon monoxide, methane, dimethyl carbonate and several other useful products. However, in this review, the focus is on electrochemical reduction of CO 2 to produce formic acid, due to the high likelihood of this technology's commercialisation and its favourable energy consumption compared to some other routes [98] .
Typical operating conditions for electrochemical conversion of CO 2 tend to be ambient temperature and pressure [100, 101] , which is one of the key advantages of this technology. Furthermore, reported current efficiencies are as high as 100% [102] and work by Agarwal et al. suggests long operational lifetimes of 25 years are possible [97] . On the other hand, the maturity of electrochemical conversion of CO 2 is currently limited; in a 2016 study by Perez-Fortes and Tzimas it was assigned a TRL range of 3-5 [69] , which is echoed by the European Commission's CELBICON project [103] . This low TRL is reflected in the current progress of its commercialisation but, despite this, electrochemical conversion is still seen by many as a promising economic opportunity -Siemens are one of the more well-known investors, with their CO2ToValue project focussing on single-step electrochemical reduction for storage of excess electricity in chemical form [43] .
Economic considerations
Economic feasibility work by Agarwal et al. [97] suggests that the capital expenditure, in 2011, for an electrochemical CO 2 conversion plant producing formic acid is 0.6-1.4 $M/(tonne of product per day). The normalised and 2017-adjusted value for this CAPEX is shown in Table 10 as being approximately 84.2 £/t formic acid. OPEX values from this study are approximately 573-1065 $ per tonne of CO 2 utilised, which translates to a current normalised value of 680.7 £/t formic acid. Agarwal et al. assumed used product prices of 800-1300 $/t, which are different from the 650 €/t market price used in techno-economic analysis by Pérez-Fortes et al. [95] . Electrode costs in year 2011 were reported at 1968-4722 $M/(tonne formic acid per day), but OPEX values were shown to be dominated by chemical costs for the plant, with NaCl and HCl consumed at approximately 2.0 and 1.8 tonnes per tonne of formic acid produced [97] . Agarwal also showed that operation of the electrochemical conversion plant may be economically optimised by utilising waste water at the anode and using other chemical recycling techniques, despite the higher energy consumption this requires [97] . The side products, such as O 2 and H 2 , may also increase the economic viability of the process, if separated and sold as marketable chemical products.
Environmental and other factors
As previously mentioned, the generation of formic acid and other useful products is environmentally advantageous due to its use of atmospheric operating conditions; the process avoids the use of high pressures and temperatures which can be energy and carbon intensive. Furthermore, Agarwal et al. estimate an overall formic acid production of between 0.8 and 1.05 tonnes per tonne of CO 2 and an electricity consumption of 4630-6070 kWh per tonne of converted carbon dioxide [97] . Utilisation of renewable electricity for this demand is crucial to its operation, otherwise, if a carbon intensive electricity source is used, the technology's CO 2 mitigation capacity will be significantly compromised. For the conceptual process utilising recycled waste water at the anode, water consumption is estimated to be in the region of 0.27-0.82 tonnes per tonne of CO 2 converted [97] .
2.8. Other notable CO 2 utilisation technologies 2.8.1. Reverse Water-Gas Shift (RWGS)
In the Reverse Water-Gas Shift reaction, carbon dioxide is reacted in equal moles with hydrogen, yielding carbon monoxide and water [104] :
The reaction is endothermic and therefore high temperatures favour increased CO 2 conversion: achieving conversions of around 50% requires temperatures greater than 500°C, while temperatures up to 800°C are required to achieve a 75% conversion [104] . In an example process put forward by Dimitriou et al. [46] , reaction conditions of 650°C and 1 atm were applied. RWGS is cited as having a TRL of 6 [55] and its development may be crucial for other syngas-using CO 2 utilisation technologies, such as Fischer-Tropsch synthesis [55] .
Photocatalytic conversion
In photocatalytic conversion of CO 2 , light is used as an energy input to overcome the thermodynamic barriers that are common in reactions between CO 2 and other molecules such as water. Examples of such reactions are given in the following schemes [105] :
The technology makes use of semiconductors, which when excited by a light source facilitate the flow of electrons in reactions that allow for the reduction of CO 2 [106] . Although experimentally proven, current research into photocatalytic conversion is still at lab scale and uses atmospheric operating conditions [107] . A recent European commission report suggests photocatalytic reduction has a TRL of 3 [103] , whereas others have assigned direct photo-conversion a TRL of 2-4 [43] .
Algal synthesis
Cultivation of microalgae offers a biological route for fixation of carbon dioxide into biomass and can be used to promote specific microalgae that are capable of producing biofuels [108] . Open raceway ponds and photo-bioreactors are the typical configurations for this algal synthesis. Photo-bioreactors are advantageous in terms of their simpler process control, higher productivity and reduced land footprint, whereas open raceway pond systems offer a cheaper option [108] . Large-scale biofuel production from microalgae is cited as still being unavailable commercially due to high operating costs and energy requirements [109] . Accordingly, the European Commission reports a TRL of 3-5 for CO 2 utilisation through algal synthesis for fuel production [103] .
Enhanced oil recovery
Current primary and secondary oil recovery practices only recover around a third of the resident oil in a conventional reservoir [110] . CO 2 enhanced oil recovery (EOR) offers an economically beneficial Net CO 2 utilisation (t/t formic acid) 0.5 [97] opportunity to extract more of the oil, recovering a further 15%, approximately, of the reservoir's original oil [111] . The process involves injecting high-pressure CO 2 into an oil reservoir to displace oil trapped in pores of the reservoir rock and sweep the oil towards the production well, exploiting the miscibility of carbon dioxide with crude oil [112] . In the USA, CO 2 EOR currently recovers approximately 284,000 barrels of oil per day, accounting for around 6% of the US's total crude oil production [110] . This production required a total of 62 Mt of carbon dioxide in 2010, with about 20% of this supplied from industrial sources and the remainder dominated by natural sources [110, 113] . Given its implementation since the 1970s, CO 2 EOR is a mature technology with an assumed TRL of 9 [113] . However, "next generation" CO 2 EOR technologies are attracting significant interest, with efforts to increase process efficiency and developments in its application offshore and in residual oil zones (ROZs) [110] .
Transport technologies
Due to the likelihood of conversion technologies in the CO 2 value chains and sources of raw material being in different locations, transport technologies will be key elements of the network and their technoeconomic and environmental impacts are expected to be significant. This section discusses some of the key transport technologies.
Natural gas pipelines
In the UK, natural gas is predominantly transmitted and distributed through a network of pipelines [114] . Typical operating temperatures are approximately 5°C for buried UK natural gas pipelines [115] and operating pressures are reported at 75 bar [116] . However, depending on pipeline construction date, operating pressures up to 120 bar are also common [117] . Materials of construction tend to be cast iron, carbon steel or plastic [118, 119] . Depending on diameter, total construction costs (accurate in year 2000) for US natural gas pipelines fall into the approximate range of $228k to $1807k per mile [120] , which when converted using location factors [120] , chemical engineering plant cost index values [13, 14] , currency exchange rates and unit conversions, translate to an approximate current UK cost of £313k to £2478k per kilometre. Annual operating costs can be estimated by taking 2.5% of the total capital costs [121] , which for the UK would be £7.8k to £62k per kilometre per year. Fig. 10 shows the natural gas distribution network in Great Britain, with red lines representing the network's main distribution pipelines and blue circles denoting the sites of recompression stations. Typical losses for natural gas pipelines tend to be less than 1% [116] , with an overall leakage from natural gas processing and transmission of 0.6% [122] . Such minimal leakage values may seem inconsequential, but actually have a significant effect on climate change, given methane's global warming potential is over 20 times that of CO 2 [123] . Another key environmental consideration for natural gas pipelines is the compression energy required for transmission, the value of which is approximately 108.9 kWh/(10 7 Nm 3 km) [124] .
Hydrogen pipelines
Hydrogen is an integral input to many of the CO 2 utilisation technologies, thus its transport is an important factor in their application. Typical operating conditions for hydrogen pipelines tend to be between 10 and 30 bar [116] and up to 100°C [126] . Materials of construction vary with those of natural gas pipelines due to hydrogen embrittlement, a phenomenon in which the pipe material may experience a loss of ductility due to penetration of dissolved hydrogen into the lattice structure of the metal or alloy [127] . Therefore, for metal piping rated up to 48 bar, stainless steel is the preferred material of construction, and lining materials for corrosion and embrittlement prevention are common [128] . In terms of resource requirements, compressor energy demands for hydrogen pipeline transmission are estimated by Yang and Ogden to be 0.7-1.0 kWh/kg [129] . The energy required for pipeline transportation of H 2 is around 4.5 times that of natural gas per unit of energy delivered [130] . According to the US Department of Energy, hydrogen transmission pipelines currently operate at low leak rates of less than 0.5% [131] . Given the greater availability of natural gas networks, the modification of these to transport hydrogen has also attracted significant attention in recent years [132] .
Gaseous pipelines are cited as the cheapest means for hydrogen transport, except for trans-ocean transport, where liquid hydrogen is more economical [116] . According to a National Renewable Energy Laboratory report in 2002, capital costs of hydrogen pipelines fall into the range of $500k-$1500k per mile [133] . Work by Parker [134] on the use of natural gas transmission pipeline costs for estimation of hydrogen pipeline costs indicates that costs of hydrogen transport via pipeline vary minimally compared to natural gas pipelines. Historical cost data analysis by Schoots et al. [120] yields an estimated onshore hydrogen pipeline cost (in year 2000) of $376k-$1129k per kilometre, which when converted using location factors [78] , chemical engineering plant cost index values [13, 14] , currency exchange rates and unit conversions, translates to an approximate current UK cost of between £516k and £1548k per kilometre. Following the same methodology as for natural gas in the previous subsection, annual operating Fig. 10 . Great Britain's natural gas transmission network, plotted with data from National Grid [125] .
costs of a hydrogen pipeline are estimated to be £13k to £39k per kilometre per year [121] .
CO 2 pipelines
Transport of CO 2 via pipelines differs slightly from natural gas and hydrogen, mainly because the phase of the transported fluid is typically dense phase or supercritical, given typical operating conditions of 100-150 bar and 5-30°C [135] and CO 2 's critical point of 31°C and 74 bar. The main design implication of this is that booster pump stations, rather than compression stations, are used to maintain the required transport pressures throughout the pipeline [120] . The materials of construction for CO 2 pipelines can be similar to those of natural gas pipelines -generally low alloys and carbon steel -provided that the relative humidity of the transported fluid is kept below 60% in order to avoid corrosion [120, 136] .
Following the same approach as in the last two subsections, CO 2 capital costs are found to be $113k-$2767k per mile or £155k-£3669k per kilometre, with operating costs of £3.9k-£92k per kilometre per year.
Electricity transmission
The supply of electricity (particularly renewable electricity) is crucial to the performance of most CO 2 utilisation technologies. The electricity grid is an interconnected network of electrical transmission, transformation and distribution technologies configured for the supply of electricity from its generation source to its end-users. It is principally composed of power stations (generators) that produce the electricity, high voltage transmission lines that transport power from suppliers to demand centres, and lower voltage distribution networks that connect individual consumers [137] .
As shown in Fig. 11 , the first stage of the electrical grid system involves power generation, where electricity producers, such as natural gas power stations, generate electrical power at around 23 kV. This is stepped up to a higher voltage in a transformer, or series of transformers, for connection to the high voltage transmission system, which then facilitates the bulk, often long distance, transport of electricity at 400 kV and 275 kV from the power sources to distribution networks and a selection of large industrial consumers. The distribution system then provides electricity to most end-users and consumers through localised networks that operate between 230 V and 132 kV. Fig. 12 shows the electricity network for England and Wales with overhead transmission lines shown in red, their supporting towers (or pylons) indicated by black dots and their connection points to distribution networks (substations) marked as blue circles. The green lines represent underground cables, which are mostly situated in cities and large population centres.
Energy losses are typically defined as the fraction of the transported energy lost, primarily through heat dissipation. In electricity grids, distribution networks account for the majority of losses, typically 5.1-7.7% in developed countries, such as the UK, and 11.6-20.7% in developing countries [139] . For transmission systems, the main options for transport of high voltage (HV) electricity are alternating current (AC) and direct current (DC). In the UK, the majority of the electrical grid uses HVAC, with HVDC now also being implemented due to its reduced investment costs, lower losses over long distances and reduced land footprint, among other benefits [139] . For a high-voltage transmission line operating at ± 800 kV, losses are around 3% per 1000 km with HVDC, compared to around 7% per 1000 km for the equivalent HVAC line [139] . Losses are similar to this for HVDC sea cables but can be as high as 60% per 100 km for a HVAC sea cable operating at 750 kV [139] .
Costs of high-voltage transmission systems vary broadly based on technical, environmental, geographical and economic factors. Vaillancourt [139] line, with converter stations costing an estimated 190 €M each; the costs are 380 €k/km for a double AC line and 60 €M for AC substations beyond 600 km. A compilation of capital and O&M (operating and maintenance) costs for various HV electricity transmission systems by Samsatli et al. [16] is displayed in Table 11 . This shows overhead single-circuit HVAC lines as offering the lowest capital and O&M costs of 0.40 £M/km and 7 £k/km/yr, respectively.
Liquid hydrogen transport
Abe et al. [140] considered the transportation of liquid hydrogen using ship tankers, with technologies based on existing LNG tankers. Their work showed the applicability of existing LNG technologies to the shipping of H 2 , with some design variations required due to differences such as hydrogen's 90°C lower boiling point and liquid density as low as one sixth of that of LNG.
Amos [116] also gave extensive information on liquid hydrogen transport among the other methods considered in the NREL report on storage and transport of hydrogen. Unique double-walled insulated tanks are used in the transport of liquid hydrogen to minimise boil-off rates. Another option for reducing heat transfer to the transported hydrogen is the use of liquid nitrogen heat shields that provide external cooling to the vessel containing the transported hydrogen. At present, designs for ship transport of liquid hydrogen include single and multitank options, with capacities up to 7 kt and boil-off rates at an estimated 0.2-0.4% per day. LNG tankers can transport up to 125,000 m 3 , translating to an approximate capacity of 9 kt of liquid H 2 . Transport of liquid hydrogen by ship tankers is the most economical method for trans-ocean application, but is more expensive than pipelines over shorter distances. A hydrogen ship tanker is expected to cost between 3.5 and 4 times an LNG equivalent, with estimates that shipping liquid hydrogen across the Atlantic would result in a three-fold increase in its price. Road tanker trucks are capable of carrying up to 4.3 tonnes of liquid hydrogen and railcars boast even larger capacities of between 2.3 and 9.1 tonnes. Transfer of hydrogen between tanks is expected to result in boil-off losses in the range 10-20%, but other sources suggest this may be up to 50% in some cases. In-transit boil-off is cited as being between 0.3% and 0.6% per day. These losses due to boil-off contribute significantly to costs of this transport method. Overall, transportation of liquid H 2 is believed to add 7-10 $/GJ to the cost of hydrogen, mainly due to the energy demand for liquefaction [130] .
Compressed gas hydrogen transport
Trucks used to transport compressed H 2 gas are commonly referred to as tube trailers. Gaseous hydrogen is compressed into long cylinders at pressures of around 250 bar and these tubes are then loaded onto a trailer that is hauled by the truck [141] . In 2013, the Linde Group introduced a 'jumbo' tube trailer, exploiting modern storage materials with higher strength-to-weight ratios, which allow an operating pressure of 500 bar and thus increased total capacities to 1.1 tonnes [142] . Compressed gas transport is also applicable to railcars and ships, but these methods are rare and tend to lack the required storage densities to compete economically with liquid transport [141] .
According to Amos [116] , the key factors determining the capital cost of tube trailers are the container's operating pressure, the trailer's storage capacity and the transported distance. This study also suggested that increasing the operating pressure of the truck's storage cylinders allows for a greater capacity, but inflates the capital cost for a single truck. It notes, however, that the overall capital costs for this transport method may actually be reduced if the number of required trucks decreases sufficiently. For a tube trailer with a total capacity of 0.46 tonnes, a capital cost of 340 $k was reported, with an additional 110 $k for an accompanying truck cab. Another source estimates that the cost of transporting hydrogen via tube trailer is approximately 2.09 $/kg [133] .
Metal hydride transport
A wide range of metals and alloys possess properties allowing them to store large amounts of hydrogen (both atomic and molecular) reversibly through adsorption, to produce a metal hydride [143] . This offers a potential high-density hydrogen transport solution, as metal hydride containers may be loaded onto road or rail vehicles for distribution. For industrial consumers they may be switched with expended hydride containers or used as a regular tankers for smaller consumers, such as hydrogen filling stations. The main costs for transporting hydrogen using metal hydrides are the capital costs incurred in the purchase of the alloys/metal for the metal hydrides and the required container [116] . Other than that, distribution of metal hydrides is the same in principle as for conventional freight, with other costs depending predominantly on the distance and the mass of hydrogen transported [116] . Metal hydride truck transport is cited as being economically competitive with liquid truck transport over a distance of 160 km and with a H 2 transportation rate of 450 kg/h [144] .
Storage technologies
To achieve the full benefits of CO 2 utilisation, the energy required for conversion should come from renewable sources. The intermittency of most renewable sources of energy poses a significant challenge and energy storage can allow the utilisation of excess renewable generation that would otherwise be curtailed and this could provide an inexpensive supply of energy to drive CO 2 conversions. This section discusses the main energy storage technologies.
Electricity storage

Pumped-hydro storage
Pumped-hydro systems store energy by pumping water to an elevated reservoir, thus converting produced electrical energy into gravitational potential energy. The stored energy may then be recovered when required by passing the elevated water back to the lower reservoir through a turbine-generator system. This allows excess power to be diverted to a storage medium during off-peak hours and converted back into electricity that is fed into the grid, in principle, whenever demand requires.
The advantages of the pumped-hydro arrangement include high storage capacities, relatively constant efficiency, reliable generation equipment and extensive regulation of their power output [145] . The main limitation of pumped-hydro storage is identifying sites with adequate reservoir volumes for the installation to be economical [145] . Furthermore, San Martín et al. [146] note that the duration of the transition between the accumulation and generation states needs to be minimised in order to optimise the system's response to rapid variations in energy storage/delivery requirements. Despite some challenges, the technological advancement of pumped-hydro storage since its conception in the early 20th century has resulted in a huge increase in total worldwide installed capacity [145] . As of 2009, the UK has 4 operational pumped-hydro facilities, with a total storage capacity of 30 GWh [147] . Installations designed for renewable energy applications are currently increasing in number, with several projects in the USA focussed on integrating wind power into existing hydroelectric installations, alongside projects for smallerscale hybrid applications, much of which are in Europe and Asia [145] . A key advantage of pumped-hydro storage is its longevity: installations utilising this technology have lifetimes beyond 20 years, which compares favourably to the 5-15 years for lithium-ion and lead acid batteries (see e.g. [148] ). In terms of the economics, the 2012 report of Engels for E.ON estimates a capital cost for pumped-hydro storage systems of 700-3200 €/kW [149] . The technology is also reported to have cycle efficiencies in the region of 80% [150] .
Electrochemical (battery) storage
Batteries are electric cells used to convert chemical energy into electrical energy, supplying power through redox reactions in their materials [146, 151] . A wide range of battery designs exist, with a selection of the most common given in Table 12 , along with their characteristic indicators. The highest energy densities are offered by metalair type batteries, with values in the range 450-650 Wh/kg, though they exhibit the lowest efficiency at 50% and may only be used for up to 100 charge/discharge cycles [146] . The oldest battery type, lead-acid, is established in a wide range of applications, with low costs and relatively low discharge times and energy densities (up to 50 Wh/kg), but limited lifecycles (∼ 2500) [152] . Lithium-ion batteries have also undergone significant development and have achieved grid-scale implementation in recent years due to their high efficiency, high energy densities Wh/kg) and long operational lifetimes (∼ 10, 000 cycles) [152] .
Hydrogen storage 4.2.1. Underground storage
Large-scale storage of gaseous hydrogen can be effected in a variety of underground formations, including salt caverns, depleted oil and gas fields, aquifers, mines and rock caverns [153] . These underground facilities can store huge volumes of gas and operate at pressures in the approximate range of 100-200 bar [153] . Man-made underground storage sites are also an option, but operate on a much smaller scale [154] . Salt caverns or cavities are the most mature and common underground storage technology and have been proven to be capable of storing hydrogen efficiently. Operational facilities in Teesside exist, for example, where salt cavities store hydrogen and other gases such as propylene and ethylene for SABIC UK Petrochemicals Ltd [153] . Under previous operation by ICI, this site included a cavity for the storage of 1 million Nm 3 of 95% pure hydrogen, translating to approximately 3.3 GWh of stored energy [153] . Other underground storage sites (both operational and potential) are shown in Fig. 13 , which maps the location of the UK's large potential capacity for underground gas storage. A number of underground gas storage facilities exist in the UK, with capacities as high as 35 TWh for Centrica's site in the offshore depleted gas/oilfield at Rough [153] . Costs of underground gas storage are cited as being in the order of 0.008-0.185 £/kWh [153] and capital costs for underground hydrogen storage cited by Amos are in the range 2.50-18.90 $ per kilogram of stored gas [116] . A key consideration for this storage method is the cushion material that displaces the stored gas, maintains pressure in the storage cavity and occupies the spare volume at the end of the discharge cycle. This occupied volume is up to 50% of the storage cavity's original working volume, equating to several hundred thousand kilograms of gas, thus the cost of the fluid used for this purpose affects the technology's overall costs. A common strategy for displacement and loading of gas into underground storage is pumping brine into and out of the cavity, but this increases both the CAPEX and OPEX. In terms of losses, a study of the underground storage of hydrogen in aquifers by Carden et al. shows that these are roughly 38% of reservoir capacity [156] .
Pressurised vessels
Vessels for the storage of compressed hydrogen tend to be spherical or cylindrical with hemispherical ends, in designs comparable to those of pressurised natural gas containers and other process-gas storage vessels [157] . Storage of gaseous hydrogen in pressurised vessels is considered to be a mature technology, with typical cylinders being constructed from steel and operating at 200 bar [153] . In recent years, new designs that utilise stronger composite materials have also been developed, allowing for storage pressures in the region of 700 bar [153] . Capacities for hydrogen storage in pressurised vessels vary over a wide range, with one such example, a plant storing wind energy through hydrogen electrolysis in Germany, using steel cylinders with storage capacities of ∼ 1.35 tonnes [153] . In general, European countries favour the use of low pressure cylinders which hold 115-400 kg of gaseous hydrogen and operate at pressures up to 50 bar [116] .
Amos [116] cites capital costs of pressurised hydrogen storage vessels in the range 625-2080 $/kg and operating costs of 0.28-0.67 $/kg. According to the US Department of Energy, costs of compressed gas storage (for 350 and 700 bar composite systems) are dominated by composite materials and processing, as well as balance of plant (BOP) and assembly [158] . The main disadvantage associated with storage of hydrogen in pressurised vessels is the relatively low storage density, which may be increased by raising the storage pressure, but this incurs higher capital and operating costs [116] . In terms of energy demand, compression of hydrogen gas from atmospheric pressure to 100 bar and 700 bar requires approximately 8 MJ/kg and 16 MJ/kg, respectively, with the latter utilising multistage compression [153] . This roughly equates to a loss of 6-12% the total energy stored (since the energy Table 12 Key performance indicators for common battery technologies, with costs converted to present-day GB pounds using CEPCI [14, 146] density of hydrogen is 120 MJ/kg).
Comparative analysis and discussion
The key performance indicators for the seven CO 2 utilisation technologies, discussed in Sections 2.1 to 2.7, are compared in Fig. 14(a) , where the six KPIs (CAPEX, OPEX, Electricity Usage, TRL, Product Price and CO 2 utilisation) are normalised and plotted in a radar diagram: lower is better for the first three (upper-right part of the diagram) and higher is better for the last three (lower-left part of the diagram). This figure shows the high capital and operating expenditures of Sabatier synthesis in contrast to its counterparts. The OPEX for Sabatier synthesis is 6461 £/t (as before, "/t" represents "per tonne of product", unless otherwise stated), which is nearly 5 times the next highest OPEX value, that of hydrogenation to methanol. Furthermore, Sabatier synthesis's CAPEX of 889 £/t is over 6 times that of the next highest in this category: Fischer-Tropsch synthesis. As well as its higher costs than the other technologies, Sabatier synthesis also dominates the electricity usage metric at 15.23 MWh/t, more than twice the next highest amount in this category, which also belongs to Fischer-Tropsch synthesis. A Fig. 13 . Geographical distribution of England and Northern Ireland's operational, potential and planned underground storage sites [155] .
possible explanation for these large values is that the production rate data used were reported by Götz et al. [40] in cubic metres per hour with no indication of the conditions given. Thus, normal temperature and pressure were assumed in order to convert to t/h. This introduces a high level of uncertainty into the KPIs calculated from these data and for this reason, data for Sabatier synthesis are omitted from the majority of the comparative analysis hereafter. Fig. 14(b) shows the same normalised plot but excluding Sabatier synthesis so that the differences between the other processes are clearer.
The actual KPI values for the six CO 2 utilisation technologies (apart from Sabatier synthesis) are shown in Fig. 15 and discussed in the following subsections.
Capital Expenditure (CAPEX)
Excluding the data for Sabatier synthesis, Fischer-Tropsch is the most expensive utilisation technology in terms of CAPEX. Fig. 15(b) shows that the CAPEX of FT synthesis is 134 £/t with the next highest at 84.2 £/t for electrochemical reduction (Fig. 15(e) ). The technology with the lowest CAPEX is urea production, at 9.47 £/t (Fig. 15(a) ). The high capital costs of Fischer-Tropsch synthesis may largely be attributed to the complexity of the overall process and high number of unit operations involved, with hydrogen and syngas production among the common preliminary process steps [46] . Aside from syngas, FT and hydrogen units, offsite investments and utilities plant costs are also key contributors to the high CAPEX values associated with Fischer-Tropsch processes [159] . The modelled process from which CAPEX data for CO 2 utilisation from FT synthesis were derived was a conceptual German aviation fuel producer, with a production rate of 100 kt/yr. Conversely, the lowest CAPEX technology, the modelled urea production plant, had a far greater production rate of 1.5 Mt/yr, suggesting that large differences in capital costs between the processes may be due, in part, to economies of scale.
Operational Expenditure (OPEX)
The highest operational expenditure associated with any of the considered utilisation technologies (again excluding Sabatier synthesis) is 1301 £/t for hydrogenation to formic acid. This is followed by 681 £/t for electrochemical reduction, 520 £/t for hydrogenation to methanol, 144 £/t for urea production, 101 £/t for dry reforming, and 80.6 £/t for Fischer-Tropsch synthesis. The high OPEX for formic acid production through CO 2 hydrogenation is due to consumables (mainly catalysts), high electricity consumption of the required electrolysis process and steam requirements for process heating [95] . Technological immaturity of FA production is another possible explanation for its high estimated OPEX, since this technology is only at TRL 3-5 [95] . Similarly, low production costs for urea synthesis and FT synthesis are partly attributable to the maturity of these technologies. As a process with an associated TRL of 9, urea production has undergone substantial development over several decades to fine-tune various unit operations and maximise efficiency. Industry has therefore been able to make considerable savings on production costs, which when combined with the relatively low raw material costs result in the low OPEX exhibited by this technology. Dry reforming's low OPEX is comparable to that of its conventional counterpart (steam methane reforming) -this may be due to the simplicity of the technology, which is essentially a one-step conversion of relatively cheap feedstocks. Fig. 16 shows the TRLs for all of the CO 2 utilisation technologies described in Section 2. Urea production is the most technologically mature of the considered CO 2 utilisation options, possessing the highest TRL of 9. Sabatier synthesis follows closely with a TRL of 8-9. Operational facilities for both urea production and Sabatier synthesis exist, which justifies their high TRLs. Urea production using CO 2 is a particularly ubiquitous technology, while Sabatier synthesis plants, such as Audi's Power-to-Gas plant, are newer and exist in far fewer numbers, hence urea production achieves a marginally higher TRL. FischerTropsch synthesis has an associated TRL of 5-9, suggesting a large variance in the technological maturity of processes which fall under the FT umbrella. One reason for the large TRL range associated with FT synthesis is its reliance on other enabling technologies, such as RWGS, which have a broad range of associated TRLs.
Technology Readiness Level (TRL)
Hydrogenation to methanol's TRL of 6-7 suggests the technology and its prototype(s) have been demonstrated in an operational environment. Therefore, based on this TRL, hydrogenation of CO 2 to produce methanol may be commercially viable soon. Dry reforming's assigned TRL of 4-6 is supported by an industrial pilot facility which includes plans to commercialise this technology in 2017 (see Section 2.5), and this would almost certainly result in a corresponding increase in its TRL. Hydrogenation to formic acid and electrochemical reduction both have TRLs of 3-5, indicating that these technologies are low in maturity and may have only recently progressed from lab scale demonstration. However, despite their relative technological immaturity, the continuing development of these technologies may allow them to progress to higher TRLs, so that their other positive attributes, such as CO 2 utilisation, may be exploited sooner.
CO 2 utilisation rate
Fischer-Tropsch synthesis dominates the carbon dioxide utilisation metric for the considered technologies, with a net usage of 2.6 tonnes of CO 2 per tonne of liquid hydrocarbon fuel produced. Electrochemical reduction and hydrogenation to methanol are the only other two technologies that incorporate over a tonne of CO 2 into each tonne of their final product, with usages of 1.1 t CO /t 2 and 1.3 t CO /t 2 , respectively. The high overall consumptions of CO 2 for these utilisation technologies have the potential to offer substantial environmental advantages in the reduction of atmospheric carbon emissions. For the remaining technologies, CO 2 utilisations of − 0.02 0.72 t CO /t 2 are cited, with the lowest belonging to dry reforming. Despite their lower CO 2 abatement potential compared to FT synthesis, these technologies are still advantageous in that they ultimately consume more CO 2 than they produce. Even with dry reforming's minimal net usage compared to the other technologies, there is still a notable opportunity for reduction of CO 2 emissions. Steam methane reforming (SMR), a conventional alternative to dry reforming, has associated net CO 2 emissions of 0.29 t CO /t 2 . Therefore, the replacement of conventional reforming processes such as SMR with dry reforming may allow for the avoidance of large carbon dioxide releases to the atmosphere. It is worth noting that the CO 2 utilisation metric in this paper is essentially gate-to-gate, thus full life cycle CO 2 flows would need to be considered to provide a better indication of each technology's environmental performance. Furthermore, the length of time for which CO 2 is stored in the chemicals produced by the considered CO 2 technologies varies substantially between them. For example, if methanol produced from hydrogenation of CO 2 is combusted as a fuel, the original sequestration is essentially reversed. This highlights a significant drawback of the CO 2 usage metric for the considered CO 2 utilisation processes.
Electricity usage
Fischer-Tropsch synthesis closely follows Sabatier synthesis as the highest electricity consumer; FT synthesis, electrochemical reduction and hydrogenation to formic acid have high electricity demands ranging from 4.1 to 6.8 MWh/t, whereas hydrogenation to methanol, dry reforming and urea production all consume less than 1 MWh/t. Meeting the electricity demands of CO 2 utilisation technologies with renewably and sustainably sourced energy can significantly reduce the environmental impacts of these processes. In particular, excess renewable electricity that would otherwise be curtailed could provide an inexpensive or even negatively-priced electricity supply to power processes that convert CO 2 to valuable products. This could help mitigate the intermittency of renewables, complementing storage technologies and transmission infrastructures to facilitate balancing between demand and supply. Indeed, technologies for transport and storage of resources, discussed in Sections 3 and 4, are crucial to the success of CO 2 utilisation technologies. For example, a plant carrying out the hydrogenation of CO 2 to produce methanol could be integrated with a wind power plant utilising battery storage, offering a solution for the combined utilisation of carbon dioxide and renewable power. Most CO 2 utilisation technologies, such as the CO 2 hydrogenation processes for the production of formic acid and methanol, discussed by Pérez-Fortes et al. [69] , are not profitable in the current market but access to favourable conditions, such as reduced electricity costs, may allow profitability in the future.
Product price
Product prices for the considered technologies were highest for Fischer-Tropsch synthesis. For the FT synthesis technology covered in this paper, gasoline was assumed to be the main product, with a price of 1612 £/t. Fig. 17 shows that this product price is significantly higher than for the technologies with the next most expensive productselectrochemical reduction and hydrogenation to formic acid, for which product prices were 554-858 £/t. The large differences in product prices are most likely due to geographical and economic factors. This highlights a key drawback of the available reported data, with such high variance limiting the accuracy of any direct comparisons. Fig. 17 also shows the lower product prices for hydrogenation to methanol, dry reforming and urea production, which were 316 £/t, 283 £/t and 270 £/t, respectively. For dry reforming and urea production, lower product prices are mitigated somewhat by lower total costs of 154 £/t and 124 £/t, respectively, thus both processes still appear economically profitable based on these metrics, with net gains (product price minus the total costs) of 145 £/t and 48 £/t, respectively. For both hydrogenation processes on the other hand, costs outweigh the product price, leading to net losses of 242 £/t for hydrogenation to methanol and 804 £/t for hydrogenation to formic acid. Fischer-Tropsch and electrochemical reduction processes also appear economically advantageous from Fig. 17 and have net gains of 1397 £/t and 93 £/t, respectively.
Overall analysis
Based on its favourable economic and CO 2 consumption metrics, and from a general global perspective, Fischer-Tropsch synthesis appears to be one of the most promising utilisation technologies of those discussed. Fig. 17 shows that FT synthesis has the highest product price per tonne by a large margin, and has the added benefit of relatively low combined CAPEX and OPEX. The high market price of Fischer-Tropsch fuels, compared to the lower bulk chemical prices for other processes, such as those of methanol and urea, mean that despite higher capital costs, the considered FT process has a far higher apparent profitability. Furthermore, Fig. 15(b) shows that for every tonne of product produced, FT synthesis has a net usage of 2.6 tonnes of CO 2 , which is the highest of all the technologies considered in this paper and roughly twice the next highest value of for this metric. FT synthesis also has a relatively advanced TRL of 5-9 and is a proven technology utilised by multiple facilities worldwide. However, the broad TRL range, which presents uncertainty, and the fact the most operational FT technologies use fossil fuels, mean that implementation of FT for CO 2 utilisation applications may not be commercially viable at present. Development of its key enabling technologies and their modification to use carbon dioxide as a feedstock could be key areas to be targeted if FT synthesis is to be widely implemented for CO 2 utilisation. Also, the high electricity input requirements of FT is another key area that must be addressed to improve its economic and environmental viability. Utilising surplus electricity from renewable generation is a potential solution to this. Another key consideration for FT synthesis of fuels is the existing and long-standing ubiquity of the products, which are particularly attractive because of their compatibility with conventional fuels. Therefore, unlike other energy vectors such as methanol, FT gasoline and diesel products can be easily integrated into conventional supply chains and markets. Even so, a crucial disadvantage of FT synthesis arises in the end use of its products: FT fuels eventually result in the re-emission of utilised CO 2 when they are combusted. Taking this into consideration, FT synthesis may not offer a climate change mitigation option that is environmentally competitive with CCS, but could still play a vital role during the transition to a low-carbon energy system and in a circular carbon economy where CO 2 is both turned into and produced by hydrocarbon fuels.
From a UK perspective, economically valuable FT processes could be particularly advantageous, given the UK's continuing dependence on carbonaceous liquid fuels such as gasoline and diesel, and especially given the UK's recent shift to a trade deficit in diesel [160] . As well as FT, Element Energy's report [113] suggests that renewable methanol and methane, which can be produced from Sabatier synthesis and CO 2 hydrogenation, are suitable technologies for the UK and have high economic, commercial and technological potential. However, UK government spending on research into CCU falls significantly behind the USA and Germany [161] . Despite support for CCU from many, CCS dominates the attention of policy makers as a climate change mitigation option in the UK [162] , but even CCS is lacking in support when compared to countries such as the USA [163] . For instance, the UK government recently scrapped its planned £1bn CCS competition. If CCS is more likely to be accepted into UK policy over CCU, as it appears to be currently, this does not necessarily mean CCU technologies will become irrelevant for the UK. In fact, the opposite may well be the case: large scale implementation of CCS in the UK will mean extensive CO 2 reserves and transport infrastructures, both of which may facilitate the penetration of CCU technologies into the UK market.
One of the key factors which may limit the reliability and accuracy of the data for the technologies' KPIs is the diversity of the sources from which they were obtained. Relevant metrics were sourced from a range of studies in the literature, which varied with each technology. In some cases, multiple sources were used to obtain the metrics for a single technology. This variety in the data sources affects the consistency of the compared data because each of the referenced authors may have used different methodologies. Some of the main influencing factors with this include the time of publication, the scale of modelled processes and the location dependence of the data. References that were published before 2017 had any reported cost data adjusted to 2017 values using the Chemical Engineering Plant Cost Indices [14] . The scale of each considered process impacts its economic data, as shown in the example of urea production, which exhibited a significant reduction in total costs per tonne of product for plants with higher production rates. As all sources modelled facilities of different scales, ranging up to fully operational commercial plants, this variability limits the accuracy of direct comparisons. Another factor significantly affecting costs and product prices is the location of the study, with aspects such as plant overheads varying significantly from country to country. This also resulted in cost data reported in a range of currencies and converting them to a common currency also increases uncertainty. Other factors that may have affected the consistency of comparison in this paper are the different assumptions applied by various authors about prices and operational parameters. Assumptions for values such as CO 2 prices varied widely among the references used. The CO 2 price is an influential factor in the economic performance of CCU technologies and its future value is likely to have a profound impact on their overall economic feasibility. In terms of different assumptions about operational parameters, an example is the studies that considered technologies that use hydrogen as a feedstock: some considered in-situ production through hydrolysis, while others assumed hydrogen is purchased from external suppliers.
In fact, more work is needed to provide consistent information about the performance and impacts of all technologies in both sets of configuration: where feedstocks are produced in situ and where feedstocks are purchased from an external supplier. This can then feed into studies on integrated value webs [15] [16] [17] 164] and allow researchers to evaluate all of the possible configurations of the CCU networks: e.g. a large hydrogen production network, which might be a scenario if fuel cell vehicles play a significant role in the decarbonised transport sector, versus a small hydrogen network and many CCU facilities with their own integrated hydrogen production.
A crucial factor in the deployment of CO 2 utilisation technologies is the dependability of the supply chains that support them. For example, the location of the conversion technologies and sources of raw materials are likely to be different. Therefore, transport technologies will be key elements of the value chains and their techno-economic and environmental impacts are expected to be significant. In Section 3.3, CO 2 pipelines were shown to have approximate current UK capital costs of £155k-£3669k per kilometre, with operating costs estimated to be £3.9k-£92k per kilometre per year. Options for electricity transmission via the grid were also summarised. Single circuit overhead HVAC lines exhibited the lowest capital and operating costs, with values of £0.4k/ km and 7£k/(km·yr), respectively. On the other hand, HVDC lines operating at ± 800 kV exhibit losses of around 3% per 1000 km with HVDC, compared to around 7% per 1000 km for a HVAC equivalent. Hydrogen and natural gas are important resources in the value chains for CO 2 . Transporting them via pipeline is the most economical method over long distances, except for trans-ocean applications, for which liquid tanker ships are preferred. Short distance transport options are also available in the form of liquid, compressed gas and, in the case of hydrogen, metal hydride road and rail tankers. Storage technologies are also crucial components of the value chain, especially if the electricity and hydrogen required for CO 2 conversion are to come from intermittent renewable sources. Energy storage, such as those discussed in Section 4, can allow the utilisation of excess renewable generation that would otherwise be curtailed and this could provide an inexpensive or even negatively-priced supply of energy to drive CO 2 conversions. There are many different alternative technologies for storing electricity, however large-scale and long-term storage of electricity still remains a major challenge. Storing the energy in the form of hydrogen, which is a direct feedstock to many CO 2 utilisation technologies, can potentially address this roadblock. Underground storage, such as salt caverns and depleted oil and gas fields, and pressurised vessels are example proven technologies for hydrogen storage. Fig. 18 presents an integrated value chains (or value web) diagram for CO 2 , which shows some of the potential options for direct use, transport, storage and conversion of CO 2 . Although the paper is focussed predominantly on conversion technologies, the diagram also displays some of the direct uses of CO 2 currently employed in industry. The selection of technologies in this diagram is only a subset of what is available and this demonstrates the vast range of potential routes that are available for the utilisation of CO 2 . Beyond direct conversion of CO 2 into chemicals and other material products, the value web diagram also shows some secondary technologies that extend the value chain, allowing the production of a broader range of commodities. Such technologies include methanol to gasoline (MtG) and methanol to olefins (MtO), which are gaining interest as potentially instrumental features in the concept of a future methanol economy. Also included in this area is catalytic dehydration of methanol to produce dimethyl ether (DME), a product showing promise as a fuel and fuel additive, as well as a precursor for olefin production. The opportunity to produce olefins from CO 2 via the various routes shown in the value web diagram is a particularly important potential outcome of CCU, as olefins are a vital building block for a huge array of chemical synthesis routes. Short chain olefins and syngas, which can be produced from CO 2 in processes displayed in the value web, are some of the most prominent base materials for the petrochemical industry and thus form the foundation for that industry's whole value chain. Another noticeable aspect of the value web is the potential for CCU to integrate a range of industries and increase diversity in energy supplies. A consistent feature throughout the paper has been the involvement of hydrogen in CCU and, as shown in Fig. 18 , CO 2 utilisation technologies could play an integral role in a future hydrogen economy, as well as the methanol economy.
Conclusions
It is widely accepted that carbon capture and storage is a key technology in mitigating CO 2 . As CCS technologies start to be adopted by energy producers and become more widespread, a large quantity of CO 2 will be captured and stored underground. Instead of treating this CO 2 as a waste gas and expending energy for its compression, transport and storage, some of it can be used as a raw material to produce alternative fuels and valuable chemicals using excess renewable energy generated when the demands for energy are low. There are vast sources of renewable energy in the UK but only a small fraction is being used because of the inability of the existing energy infrastructure to deal with the intermittency of supply. The problems of CO 2 disposal and intermittency of renewable energy can be turned into advantages by converting CO 2 into valuable products and alternative fuels using surplus renewable energy. Excess renewable energy, generated when the demands for energy are low, could potentially provide an inexpensive or even negativelypriced energy supply for CO 2 conversion but the intermittency of renewables means that excess generation will not always be available to power CO 2 utilisation technologies. Energy storage technologies could harness excess generation that would otherwise be curtailed and make it available for use in CCU. Transport technologies are also expected to play an important role due to the likelihood that conversion technologies and sources of raw material will be in different locations. Therefore, a strong value chain is required to support the production of valuable products from CO 2 . A value chain is a network of technologies and infrastructures (such as conversion, transportation, storage) along with its associated activities (such as procurement, processing, logistics, inventory management, waste management) required to source and convert low-value resources to high-value products and services and deliver them to customers. A CO 2 value chain involves production of CO 2 (involving capture and purification), technologies that convert CO 2 and other materials into valuable products, sourcing of low-carbon energy to drive all of the transformation processes required to convert CO 2 to products (including production of hydrogen, syngas, methane etc.), transport of energy and materials to where they are needed, managing inventory levels of resources, and delivering the products to customers, all in order to create value (economic, environmental, social etc.).
A diverse range of CO 2 conversion technologies exist in various stages of development and this paper examined urea production, Sabatier synthesis, Fischer-Tropsch synthesis, hydrogenation to methanol, dry reforming, hydrogenation to formic acid and electrochemical reduction. They were compared according to some key metrics: CAPEX, OPEX, electricity consumption, TRL, product price, net CO 2 consumption etc. A variety of enabling technologies related to the storage and transport of resources crucial to CO 2 value chains were also analysed in terms of their performance.
Technologies close to or at full-scale commercial deployment were found to be urea production, Sabatier synthesis and Fischer-Tropsch (FT) synthesis, with reported TRLs of 9, 8-9 and 5-9, respectively. Hydrogenation to methanol, dry reforming, hydrogenation to formic acid and electrochemical reduction are of lower technological maturity, with TRLs of 6-7, 4-6, 3-5 and 3-5, respectively. The high product prices of the fuels produced in FT synthesis, combined with its relatively low CAPEX and OPEX, meant that this technology could be economically attractive, as well as technically and environmentally advantageous given its high TRL and net CO 2 consumption. Separate processes for hydrogenation of CO 2 to produce methanol and formic acid both appeared economically unfavourable, with costs outweighing product prices. Urea production exhibited relatively low CAPEX and OPEX, but as a proven technology, offers strong potential option. Despite their low TRLs, dry reforming and electrochemical reduction could be economically viable and have positive net CO 2 consumption metrics. Electricity and hydrogen are vital resources in the value chains for CO 2 and their transport and storage were discussed in this paper. In terms of their transport, CO 2 and H 2 pipelines have capital and operating costs in a similar region to those of natural gas infrastructures. Other options of liquid, compressed gas and metal hydride transport also have potential for transporting of H 2 , while electricity transport via the grid is an established technology with opportunities for increased efficiency with the inclusion of HVDC lines. Electrochemical battery and pumped-hydro storage of electricity are well established and could potentially provide solutions to the intermittency of renewable electricity supplies and facilitate the integration of CO 2 utilisation with the hydrogen and methanol economies. Storage of gaseous resources underground, e.g. in salt caverns and depleted oil and gas fields, and in pressurised vessels over a range of capacities could also play a part in facilitating CCU deployment.
This work, particularly the data about technologies and resources, is a valuable foundation for a comprehensive whole-systems analysis and modelling of the value chains for renewable energy and CO 2 , similar to the models that were developed for biomass value chains [15] and renewable hydrogen value chains [16] . Value chain modelling will allow the determination of the most effective strategy (e.g. optimal mix of products, best allocation of available land area, and best combination of technologies, their location, size and operation) to obtain the most value from limited available resources considering different technical, economic, social and environmental objectives and constraints.
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